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1 We have cloned, expressed and pharmacologically characterized the Human 5-HT5A receptor.

2 We have shown that ligand activation of the Human 5-HT5A receptor results in functional coupling
to G-proteins in HEK-293 cells.

3 Stimulation of the receptor with 5-CT (5-carboxamidotryptamine) resulted in a dose-dependent
increase in the % [35S]-GTPgS binding over the basal level. This is the ®rst study to describe such G-
protein activation for the Human 5-HT5A receptor in any cell.

4 A dose-dependent inhibition of cyclic AMP accumulation was observed in the recombinant Human
5-HT5A receptor cell line, suggesting a functional coupling to a Gai, G-protein in the HEK-293 cell line.

5 A ligand-stimulated reduction in the detectable level of the catalytic domain of protein kinase A
(PKA) in nuclear extracts isolated from Human 5-HT5A expressing cells was observed. This observation
was consistent with the reduction in the level of cyclic AMP accumulation, in response to receptor
activation.
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Introduction

The neurotransmitter 5-HT (5-hydroxytryptamine) mediates
its physiological e�ects through a diverse set of receptors

which regulate a variety of signal transduction pathways. With
the help of molecular cloning techniques, fourteen receptor
subtypes have been identi®ed for 5-HT and these have been

divided into 7 classes (5-HT1 ± 5-HT7). The known receptors
belong to 2 di�erent protein superfamilies: (1) the G-protein
coupled 7 transmembrane receptor superfamily or (2) ligand-

gated ion channels (5-HT3). Of the G-protein coupled
members, at least ®ve are coupled to the inhibition of adenylyl
cyclase (5-HT1A,B,D,E,F), three are linked to phosphoinositide
hydrolysis (5-HT2A,B,C) and three have been shown to stimulate

adenylyl cyclase activity (5-HT4, 5-HT6 and 5-HT7) (Hoyer et
al., 1994; Gerhardt & van Heerikhuizen, 1997).

While amino acid sequence analysis (hydropathy plots)

(Rees et al., 1994) of the human 5-HT5A receptor suggests that
it is a member of the G-protein coupled 7 transmembrane
receptor superfamily, direct evidence of G-protein activation

by this receptor has not been obtained.
Human 5-HT5A receptor expression is restricted to the

brain. RT-PCR analysis of di�erent brain areas show
expression of RNA encoding this receptor in thalamus,

cerebellum, substantia nigra, hypothalamus and caudate
nucleus (Rees et al., 1994; Ori et al., 1997). Chromosome
localization studies have shown that the Human 5-HT5A

receptor gene is localized to human chromosome 7 (7q36)
(Matthes et al., 1992). The human mutation for holoprosence-
phaly type III (Hatziioannou et al., 1991) which results in

abnormal brain development, is localized to the same region as
the Human 5-HT5A receptor on chromosome 7, suggesting a
potential role for the 5-HT5A receptor in the development of

this disorder. It has also been suggested that the Human 5-
HT5A receptor may play an important role in mediating the
action of 5-HT in cerebellar function (Ori et al., 1997).

Studies on the mouse 5-HT5A (Matthes et al., 1992; Plassat
et al., 1992) and rat 5-HT5A (Erlander et al., 1993) receptor

have described di�culty in detecting a functional association
of this receptor with any second messenger pathway. The
reasons for this remain unclear.

The aim of the present study was to clone and express the
Human 5-HT5A receptor in HEK-293 cells, to establish its G-
protein coupling and to examine possible coupling to second

messenger pathways. This paper describes direct measurement
of G-protein coupling to the Human 5-HT5A receptor using a
sensitive, [35S]-guanosine-5-O-(8-thiotriphosphate) ([35S]-
GTPgS) binding assay. Stimulation of the Human 5-HT5A

receptor with 5-carboxamidotryptamine (5-CT) caused an
inhibition of forskolin-stimulated adenosine 3':5'-cyclic mono-
phosphate (cyclic AMP) accumulation. A modulation of cyclic

AMP-stimulated PKA activity by receptor activation was also
detected.

Methods

Cloning and expression of the full length Human
5-HT5AcDNA

A 1071 base pair product (open reading frame) was ampli®ed

using PCR from a human brain 5'-STRETCH PLUS cDNA
library (Clontech). The oligonucleotide primers used in the
PCR reaction had the following sequences: sense strand, 5'-
CCATCGATGGATTTACCAGTGAA-3' and anti-sense
strand, 5'-GGGGTACCCCTCAGTGTTGCCTAGA-3'. In-
clusion of restriction sites (ClaI/Kpnl) within these oligonucleo-

tides allowed cloning of the ampli®ed cDNA into pBluescript
SK II+ (Stratagene) to facilitate double stranded plasmid
sequencing. The primer sequences were derived from sequences
lodged in the GenBank/EMBL database (accession numbers:

X81411 and X81412) (Rees et al., 1994). PCR was carried out
using the high ®delity polymerase, Pwo (Boehringer Man-4Author for correspondence.
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nheim), for a total of 40 cycles under the following conditions:
denaturation at 948 C for 45 s, annealing at 558 C for 45 s and
extension at 728 C for 90 s. The product was cloned and

double-stranded plasmid sequencing (Sequenase Version 2 Kit-
USB) carried out on both strands to con®rm the sequence of
the cDNA. The con®rmed Human 5-HT5A receptor cDNA was

subcloned into the mammalian cell expression vector, pCI-neo
(Promega).

Cell culture and cell membrane preparation

HEK-293 cells were maintained under standard culturing
conditions for this cell line (ATCC: CRL 1573). Cells were

transected with the pCI-neoh5-HT5A construct using the Ca2+

phosphate transfection procedure (Parker & Stark, 1979) and
stable cell lines expressing the recombinant 5-HT5A receptor

were established by G418 (geneticin) selection (1 mg ml71).
The cell lines were subsequently grown in the presence of G418
(250 mg ml71). Cell membranes were prepared according to the
protocol described in Werner et al. (1991), but with the cell

membranes being re-suspended in 5-CT binding bu�er
(100 mM Tris- HCl, 1 mM EDTA, pH 7.7 with addition of
0.1% ascorbic acid) (Rees et al., 1994).

Radioligand binding assays

For saturation binding analysis, 750 ml of membrane prepara-
tion (30 mg protein, as determined using the Bradford protein
assay (Biorad)) was incubated with [3H]-5-CT (speci®c activity,

51.3 Ci mmol71) (0.25 ± 20 nM) and binding bu�er using a
®nal assay volume of 1 ml. Tubes were incubated at 378C for
30 min (Rees et al., 1994). Reactions were terminated by the
addition of 5 ml of ice-cold binding bu�er followed by rapid

®ltration through GF/B (Whatmann) ®lters using a Brandel
cell harvester, followed by 2 washes with ice-cold binding
bu�er. Retained radioactivity was measured by liquid

scintillation counting. Non-speci®c binding was de®ned by the
inclusion of 10 mM methiothepin. Competition experiments
were performed using 2 nM [3H]-5-CT, and varying concentra-

tions of the competing ligand. Non-speci®c binding was
de®ned as described above. Data were analysed using the
programme, GraphPad Inplot 4.

[35S]-GTPgS binding assay

The protocol used was based on previous methods described

for the [35S]-GTPgS binding assay (Lazareno & Birdsall, 1993;
Lorenzen et al., 1993). Monolayer cultures were washed twice
with phosphate bu�ered saline and the cells were lysed with

1 mM Tris-HCl, pH 7.5 for 15 min. Cell contents were
collected by scraping and centrifuged at 40,000 g at 48C for
15 min. Membrane pellets were re-suspended in TME bu�er

(75 mM Tris, 12.5 mM MgCl2, 1.5 mM EDTA, pH 7.5) to give
a ®nal membrane protein concentration of 1 mg ml71 (stored
at 7708C). Membranes were homogenized using a Polytron
before use. Pre-incubation with 10 mM GDP on ice for 10 ±

20 min was carried out in order to suppress basal binding in
each assay tube. Reactions were carried out in a 100 ml volume
containing [35S]-GTPgS (1,255 Ci mmol71) (50,000 c.p.m)

(0.3 ± 0.5 nM), drug diluted in incubation bu�er (50 mM Tris-
HCl, pH 7.4 containing 100 mM NaCl, 5 mM MgCl2 1 mM

DTT, 1 mM Na2 EDTA) and membrane homogenate; these

were incubated at 308C for 45 min. Non-speci®c binding was
de®ned by the inclusion of 10 mM unlabelled GTPgS and was
less than 1% of total binding. Reactions were again terminated
by ®ltration through GF/C ®lters (Whatmann) as in

radioligand binding assays. The ®lters were washed twice with
ice-cold wash bu�er (15 mM Tris-HCl, pH 7.4 containing
5 mM MgCl2). Retained radioactivity was measured by liquid

scintillation counting. Dose-response curves were constructed
for 5-CT and from these, the % increase over basal and the
concentrations required to produce half-maximal response

(EC50) were calculated using the GraphPad Inplot 4
programme.

Measurement of cyclic AMP accumulation

The method used was a modi®cation of that described by Rugg
and Simmons (1984). Cells grown to con¯uency in 24-well

plates were washed with non-supplemented medium contain-
ing 10 mM N-2-hydroxyethylpiperazine-N-2-ethanesulphonic
acid (HEPES), pH 7.5 Cells were pre-incubated for 20 min in

the presence of 0.5 mM isobutylmethylxanthine (IBMX).
Forskolin (1 mM) and the appropriate concentration of 5-CT
were added to pre-incubation medium and incubated with the
cells at 378C for 10 min. The reaction was terminated by

aspiration of the medium, and the cells exposed to 0.2 M HCl
for 10 min at 48C. After neutralization with 0.2 M NaOH,
extracts were centrifuged at 14,000 r.p.m. for 5 min at 48C.
The supernatant was assayed for cyclic AMP content using an
assay based on that by Brown (1970). The assay was based on
the competition of unlabelled cyclic AMP with a ®xed amount

of [3H]-cyclic AMP (speci®c activity, 50 Ci mmol71) (9 nM) for
binding to a protein with high a�nity for cyclic AMP.
Separation of protein-bound cyclic AMP from unbound cyclic

AMP was achieved by ®ltration over GF/B ®lters as described
for the radioligand binding assay. The amount of protein-
bound labelled cyclic AMP detected was inversely propor-
tional to the amount of unlabelled cyclic AMP in the sample.

Detection of protein kinase A activation

Cyclic AMP is capable of binding to the regulatory domain of
PKA, causing release of the catalytic domain and allowing its
translocation to the nucleus (Nigg et al., 1985). Cells were

incubated with forskolin in the presence/absence of 5-CT, as
described for cyclic AMP measurements. Following this
incubation, the cells were harvested by scraping and nuclear
extracts prepared from each sample (Marti et al., 1994).

Nuclear extract (10 mg protein) from each treated sample was
incubated for 30 min at 308C with a ¯uorescent kemptide
derivative according to the manufacturer's instructions

(Promega). Phosphorylation of the peptide was visualised on
a u.v. transilluminator after electrophoresis on a 0.8% agarose
gel containing 50 mM Tris-HCl, pH 8.0.

Drugs and chemicals used

[3H]-5-CT, [35S]-GTPgS (NEN); [3H]-cyclic AMP (Amersham);
5-CT and methiothepin (RBI); 5-HT, methysergide, (7)-
propranolol, geneticin (G418), GDP, GTP, GTPgS, cyclic
AMP and forskolin (Sigma). All other chemicals were obtained

from local sources and were of high purity.

Results

Cloning, expression and characterization of the Human
5-HT5A receptor

The Human 5-HT5A receptor cDNA isolated was ampli®ed as
a 1071 bp open reading frame (encoding 357 amino acids)
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(Figure 1). Sequencing showed the cDNA to be identical to that
of exon 1 and 2 of the receptor previously lodged in the
GenBank/EMBL database (Rees et al., 1994). The Human 5-
HT5A receptor amino acid sequence is not closely related to that

of any of the other known 5-HT receptors. The highest
homology to othermammalian 5-HT receptors is approximately
38% to the 5-HT1 family (Rees et al., 1994); however,

comparisons with individual members of the 5-HT1 family have
not yet been reported.Figure 2 shows sequence alignment for the
human 5-HT1A, 5-HT1F and the 5-HT5A receptors. The Human

5-HT1A and 5-HT1F receptors have the highest sequence identity
at the amino acid level among members of the Human 5-HT1

family. These receptors share 37% and 38% identity,
respectively, with the Human 5-HT5A receptor. However,

although the 5-HT5A and 5-HT1 peptide sequences seem related,
certain structural features of the 5-HT5A receptor gene di�er
from that of the 5-HT1 class, such as the presence of an intron

between the sequences encoding transmembrane regions 5 and 6
(Rees et al., 1994). In contrast, the coding region for the 5-HT1

receptors is intronless (Hoyer et al., 1994).

The cDNA was subcloned into the mammalian expression
vector, pCI-neo and the resulting plasmid used to transfect
HEK-293 cells. A number of cell lines stably expressing the

receptor were obtained. Data analysis from the saturation
binding studies carried out on a stably expressing recombinant
5-HT5A receptor HEK-293 cell line (Figure 3) yielded
expression levels (Bmax) of 2.1+0.5 pmol receptor mg71

membrane protein (mean+s.e.mean, n=3) and a Kd value of
7.5+2.5 nM (mean+s.e.mean, n=3). Ligand binding studies
for the receptor gave the pharmacological pro®le shown in

Figure 4. The associated Ki values are tabulated in Table 1.

Detection of direct coupling of the recombinant Human
5-HT5A receptor to G-proteins

It is well established that the 5-HT1B receptor is negatively

coupled to adenylyl cyclase through G-protein recruitment
(Watson & Arkinstall, 1994) and hence HEK-293 membranes
expressing recombinant rat 5-HT1B receptor (McMahon, 1995,

unpublished) were used as a positive control in this study.
Dose-dependent increases in binding of the non-hydrolyzable
radiolabelled GTP analogue, [35S]-GTPgS, in response to 5-CT
were obtained for both 5-HT receptors tested (Figure 5). The
rat 5-HT1B expressing membranes showed a maximal
26.2+3.1% (mean+s.e.mean, n=5) increase in [35S]-GTPgS
binding over basal levels. The Human 5-HT5A receptor gave a

maximal 18.8+3.1% (mean+s.e.mean, n=5) stimulation over
basal. The concentrations of 5-CT required to cause half-
maximal stimulation (EC50) of [35S]-GTPgS binding by rat

5-HT1B and 5-HT5A receptors were 2.961077
M and

8.561077
M, respectively. Membranes prepared from untrans-

fected HEK-293 cells showed no such dose-dependent increase

in binding of the GTP analogue as compared to that obtained
for membranes transfected with the 5-HT5A receptor (Figure 5).

Inhibition of forskolin-stimulated cyclic AMP
accumulation by Human 5-HT5A receptor activation

The inhibition of forskolin-stimulated cyclic AMP accumula-

tion by 5-CT was investigated in HEK-293 cells stably
expressing the Human 5-HT5A receptor. The rat 5-HT1B

expressing HEK-293 cell line acted as the positive control. In

both these cell lines 5-CT inhibited forskolin-stimulated cyclic

Figure 1 DNA and amino acid sequence of the human 5-HT5A receptor. Restriction sites are underlined.
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AMP accumulation in a dose-dependent manner with EC50

values of 1.661078
M for the 5-HT5A cell line and 1.861079

M

for the 5-HT1B cell line. The maximal inhibition of cyclic AMP
accumulation obtained for the Human 5-HT5A receptor was

29.4+6.3% (mean+s.e.mean, n=5), whereas activation of the
rat 5-HT1B receptor led to a complete inhibition, reducing
cyclic AMP accumulation to a level of 2.1+1.1% of maximal
(Figure 6). 5-CT had no e�ect on cyclic AMP accumulation in

untransfected cells (data not shown).

Inhibition of activated nuclear PKA accumulation
following ligand activation of the Human 5-HT5A

receptor

The e�ect of Human 5-HT5A receptor stimulation on nuclear
accumulation of the catalytic domain of PKA, in response to
forskolin, was determined by visualizing phosphorylation of a

¯uorescent kemptide analogue (Marti et al., 1994) (Figure 7).
Cells stimulated with 1 mM forskolin showed a large increase in
kemptide phosphorylation as a result of cyclic AMP
stimulated translocation of activated PKA to the nucleus, as

judged by agarose gel electrophoresis. Following incubation of
the 5-HT5A receptor expressing cells with 5-CT, a dose-
dependent decrease in the amount of the phosphorylated

kemptide was observed (Figure 7). Nuclear extracts isolated

Figure 2 Alignment of the human 5-HT1A/F and the human 5-HT5A amino acid sequence. Conserved amino acids are shaded.

Figure 3 Saturation analysis of speci®c [3H]-5-CT binding to HEK
cell membranes expressing the human 5-HT5A receptor. Data points
are mean duplicate values, and the curve is representative of 3
independent experiments.
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from rat 5-HT1B expressing cells also showed the expected
reduction in phosphorylated substrate in response to increas-
ing concentrations of 5-CT (Figure 7). No e�ects were
obtained when untransfected HEK-293 were treated identi-

cally (data not shown).

Discussion

We have cloned a cDNA encoding a Human 5-HT5A receptor
and characterized the functional properties of this receptor

following its stable expression in HEK-293 cells. The
pharmacological pro®le obtained was methiothepin55-
CT45-HT5methysergide4(7)-propranolol. The a�nity

constants for these ligands are in agreement with those
previously obtained for a recombinant Human 5-HT5A

receptor when transiently expressed in CosM6 cells (Rees et

al., 1994). The unusually high a�nity of methiothepin for the
receptor obtained in transiently transfected CosM6 cells was
also seen in the stably transfected HEK-293 cells used in this
study. This gives the Human 5-HT5A receptor a distinctly

di�erent pharmacology from that of other 5-HT receptors.

Figure 4 Competition for [3H]-5-CT binding by increasing concentrations of the indicated ligands to 5-HT5A receptor expressing
HEK-293 cell membranes. Values shown are mean duplicate values, and the curves are representative of 3 independent experiments.

Figure 5 [35S]-GTPgS binding upon agonist (5-CT) stimulation.
Data are represented as the mean and vertical lines show s.e.mean
(n53) for human 5-HT5A HEK-293 cell membranes, rat 5-HT1B
HEK-293 cell membranes and untransfected HEK-293 cell mem-
branes.

Figure 6 Inhibition of forskolin-stimulated cyclic AMP accumula-
tion by 5-CT in stable transfectants expressing the indicated receptor;
human 5-HT5A receptor or rat 5-HT1B receptor. Data are the mean
and vertical lines show s.e.mean (n53).

Table 1 A�nity values (Ki) of various ligands for the
cloned human 5-HT5A receptor

Compund Ki (nM)

Methiothepin
5-CT
5-HT
Methysergide
(7)-Propranolol

1.6+0.1
4.6+0.9
54.4+1.8
129+29.0
9105+1095.0
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The dose-dependent increase in GTPgS binding indicated

a direct activation of the Human 5-HT5A receptor in response
to ligand binding. The smaller response obtained for the 5-
HT5A receptor (18.8% compared to 26.2% for the rat 5-HT1B

receptor) may be due to inherent poor coupling of
recombinant human 5-HT5A receptors. Previous studies
carried out with recombinant Human 5-HT5A receptors
(Matthes et al., 1992; Plassat et al., 1992; Erlander et al.,

1993) have described di�culty in detecting activation of
down-stream second messenger events, possibly due to
ine�cient association with G-proteins in the cell lines tested.

However, there are 2 studies describing detectable down-
stream events among the 5-HT5 sub-family. Wisden et al.
(1993) described guanosine nucleotide modulation of agonist

binding to rat 5-HT5B receptors expressed in COS cells. In the
presence of the non-hydrolyzable GTP analogue, Gpp(NH)p,
the percentage of receptors in the high a�nity state decreased

from 25% to 9% suggesting that the receptor couples to G-
proteins in COS cell membranes. Carson et al. (1996)
suggested that the mouse 5-HT5A receptor is negatively
coupled to adenylyl cyclase in astrocytes, as evident from

the forskolin-stimulated reduction in cyclic AMP accumula-
tion in response to 5-HT activation.

The trend in results obtained in the second messenger assays

described here also suggest a weak coupling of the Human 5-
HT5A receptor to G-proteins in HEK cells. Almost maximal
inhibition of cyclic AMP accumulation was obtained with the

5-HT1B receptor, whereas the Human 5-HT5A receptor gave a
reduction to only 29.4+6.4% of total accumulation (Figure 6)
indicating a possible weaker/ine�cient coupling to G-protein.
The di�erence in EC50 values obtained for the stimulation of

[35S]-GTPgS binding (e.g. 8.561077
M for human 5-HT5A

receptor) and for the inhibition of forskolin-stimulated cyclic
AMP accumulation (e.g. 1.661110 M for the human 5-HT5A

receptor) may re¯ect the degree of ampli®cation (Ross, 1989)
at the level of cyclic AMP accumulation.

Nigg et al. (1985) demonstrated nuclear accumulation of the

catalytic domain of PKA in response to cyclic AMP treatment

of MDBK cells. The nuclear PKA might speci®cally target

transcription factors such as CREB (cyclic AMP response
element binding protein) for phosphorylation and thereby
in¯uence transcription acutely. Inhibition of forskolin-stimu-

lated nuclear accumulation of activated PKA in response to 5-
CT occupation of the 5-HT5A receptor provided further
evidence for G-protein coupling of this recombinant receptor
and of its being linked to inhibition of adenylyl cyclase. Again,

however, the dose-dependent reduction in forskolin-induced
PKA nuclear translocation was less complete than was
observed for the rat 5-HT1B receptor (Figure 7).

These results indicate that the Human 5-HT5A receptor can
functionally couple to G-proteins. The particular subtype of
G-protein subunit through which the receptor is mediating its

e�ects remains unknown. It appears that the Human 5-HT5A

receptor functions via a similar mechanism to the rat 5-HT1B

receptor (Gai/Cao) (Watson & Arkinstall, 1994). However, the

data suggest coupling to these G-proteins may be weak. The
speci®c regulation of certain e�ector molecules such as
adenylyl cyclase depends on the receptor subtype, receptor
density and the environment (i.e. cell line) in which the

receptor is operating (Sato et al., 1995). It may be the case that
the particular G-protein subunit through which this receptor
may function is in low abundance in the HEK cell line. In

order to establish the speci®c G-protein through which the
human 5-HT5A receptor may function, reconstitution experi-
ments (Barr et al., 1997) could be used.

Reports on the expressed human dopamine D3 receptor
have also described di�culty in detecting e�cient G-protein
activation (Sibley & Monsma, 1992). It was suggested that it
could not couple to G-proteins. However, recent studies show

modulation of several second messenger systems, such as
inhibition of cyclic AMP levels. Coupling to the pathway is
weak compared to that shown for the D2 dopamine receptor

(Robinson et al., 1996). It thus seems likely that certain G-
protein coupled receptor such as the Human 5-HT5A and D3

receptors couple to G-proteins but only weakly when

expressed in certain cell lines.

Figure 7 Protein kinase A (PKA) activity in nuclear extracts prepared from cells expressing the indicated receptor after treatment
with 1mM forskolin in the presence/absence of 5-CT. Nuclear extracts from human 5-HT5A receptor expressing cells and nuclear
extracts from rat 5-HT1B expressing cells were untreated or treated with 0.3 ± 300 nM 5-CT. The phosphorylated peptide was
separated from the non-phosphorylated peptide by agarose gel electrophoresis. Data are representative of 3 independent
experiments.
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In conclusion, we show for the ®rst time that ligand
activation of Human 5-HT5A receptor results in functional
coupling to G proteins in the HEK-293 cell line.

We acknowledge Dr Mark Voigt, St. Louis University Medical
Centre, MO, USA for his help and interest in the initial stages of
this project. We acknowledge the ®nancial support of BioResearch
Ireland.
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